This paper presents a detailed diagnostic analysis of hydrographic and current meter data from three, rapidly repeated, fine-scale surveys of the Almeria-Oran front.
Introduction
an omega equation (Hoskins et al. 1978 ) diagnostic analysis of mesoscale vertical flow and cross front transport. In section 5 we present a discussion of our findings.
In an accompanying paper (Fielding et al., 2001 -this edition) biological data are presented and effect of physical motion on the upper ocean ecology of the AlmeriaOran front region is discussed.
2)
Water mass characteristics and general description of the hydrography during RRS Discovery cr. 224 (OMEGA).
RRS Discovery arrived in the Alboran Sea on the 2nd of December 1996. Prior to the cruise, Satellite IR images had been provided and processed by the Southampton Oceanography Centre (SOC) and the University of Pisa (UP) since the 1st October that year. The two Alboran Gyres had been clearly visible throughout October (Baldacci et al. 1998 and http//radar.iet.unipi.it/OMEGA/ATLAS/atlas.html).
During November, the Western Alboran Gyre appeared to move eastwards to be replaced by a new Western Alboran Gyre and resulting in a period from the 19th
November to the 24th of November during which three gyres appeared to exist (Viúdez et al., 1998) . By the 28th November the 'central' and Eastern Alboran gyres had coalesced and the in-situ observations described here occurred during the existance of a more 'traditional' two Alboran gyre flow regime (Figure 2) . A detailed discussion of the apparent three gyre flow is beyond the scope of this paper, however we mention it here to solicit further communication with fellow researchers who may have observed similar events during other periods of observation RRS Discovery cr. 224 made two large scale surveys and three repeat fine scale surveys of the Almeria-Oran front during December 1996 (Allen et al. 1997a) . .In addition a brief survey was also made of the head of the Algerian Current. Two further fine scale surveys of the Almeria-Oran front were made during January 1997 (Pugh et al. 1997) (Figure 3) . The timetable and duration of these surveys was as follows: kHz VM-ADCP current data are described in the relevant data reports, Allen et al. 1997b and 1997c , and at http://www.soc.soton.ac.uk/GDD/omega/Disco/index.
html. It is worth noting here, however, that for the duration of the cruise an Ashtech 3D-GPS system was used to correct the ship's gyro heading errors and RACAL SkyFix differential GPS navigation had been purchased for the first leg of the cruise,
i.e. until 29/12/96. The calibration and processing techniques are considered sufficient for accuracy in salinity to 0.01 and in absolute current velocity to order 1 cms -1 .
In Figure 4 , we present a potential temperature versus salinity θ S ( ) diagram for the SeaSoar CTD data collected during the second large scale survey. The lowest salinity waters, ~36.63, are surface waters of recent Atlantic origin and are referred to as Modified Atlantic Water (MAW) (Arnone et al., 1990; Sparnocchia et al., 1994) .
MAW, flowing as a strong jet along the Almeria-Oran front, splits to re-circulate into the Eastern Alboran Gyre and form the head of the Algerian Current ( Figure 5 ).
Mediterranean Surface Waters (MSW) (Arnone et al. 1990 ), salinity >37.5 temperature >15.5 °C, were found in the N. E. corner of the LSS2 area. This water appeared to be flowing slowly south westward along the Spanish coast but had not reached the area that was to be covered by the later fine scale surveys. The characteristic θ S of MSW seems less well defined (Figure 4) than that of the MAW perhaps as a result of the the wide area and variability of its formation; predominantly old MAW that has remained at the surface in the Western Mediterranean (Benzohra and Millot, 1995; Gascard, 1978) . Between these two surface water masses, a large area of lower temperature intermediate salinity water (< 15.5 °C and 36.7-37.5 psu) was observed at the surface north of the Almeria-Oran front (Figures 5 and 6 ).
Following Gascard and Richez (1985) , we will refer to this as Atlantic-Mediterranean
Interface Water (A-MIW). A-MIW is formed through mixing between MAW and intermediate Mediterranean waters either vertically or horizontally following the upwelling of the latter along the north coast of the Alboran Sea.
Below the surface waters, a temperature minimum layer (TML) exists to a depth of generally 250-300 m. This layer has a salinity around 38.2 and temperature below 13.5 °C, and is believed to be formed by winter cooling of MSW along the French coast (Gascard and Richez, 1985, Pinot and Ganachaud, 1999) . A particular form of TML water was observed in an anticyclonic eddy at around 36.6° N, 0.9° W and will be the subject of a future study (J. T . Allen and D. A. smeed, SOC, personal comm.) .
This has the characteristics of Winter Intermediate Water (WIW) as described by Pinot and Ganachaud (1999) , temperature < 13 °C and salinity 38.2. Below the TML there is a tight θ S signature of Levantine Intermediate Water (LIW) that forms a distinct salinity maximum (Figure 4 ) (Sparnocchia et al., 1994; Gascard, 1978) .
SeaSoar data were only available to a depth of ~370 m and therefore it only just resolves the core of the LIW, ~38.5 psu (Gascard and Richez, 1985) .
To the south and west of the Almeria-Oran front, the A-MIW descends steeply below the deep surface mixed layer of MAW in the Eastern Alboran Gyre (Figure 6 ). This results in a large horizontal density gradient across the Almeria-Oran front and a current speed around 1 ms -1 in the frontal jet ( Figure 5) . In contrast, A-MIW and MSW have similar densities and the front between them has no strong jet associated with it. In the five consecutive fine scale surveys of the Almeria-Oran front (Figure   2 ), the presence of a θ S signature of MSW is variable (Figure 4 ). This variability drew our attention to the presence of significant ageostrophic circulation and therefore we will spend some time discussing it here. The θ S envelope for FSS1 shows no signature of MSW. By FSS2, there is a clear high salinity (~37.75) high temperature (~16.2 °C) signature of MSW. This becomes more pronounced, salinity >37.8 and temperature ~16.4 °C, during FSS3. During FSS4 and 5, the θ S signature of MSW appears to mix away, becoming colder and more saline as it does so.
As discussed by Tintoré et al. (1988) , there is a covergence at the northern end of the Almeria-Oran front between the rapid inflow of MAW and a net south-westward flow (10-20 cms -1 ) along the Spanish coast ( Figure 5 ). The convergence in the surface waters maintains a sharp density gradient at the front and provides a source of potential energy for a baroclinic component to the instability that we will demonstrate in this paper. During our observations, the net south-westward flow along the Spanish coast transported MSW (salinity > 37.5) ~100 km, from east of 0.5° W to the region covered by the fine scale surveys (Figure 5 ), between LSS2 and FSS2. This equates to a mean advection of ~15 cms -1 .
We can follow the MSW signature better by plotting salinity on the 27. 
3) Instability of the Almeria-Oran front
During the quickly repeated fine scale surveys, FSS1,2 and 3, the position and shape of the Almeria-Oran front can be seen to change significantly in the SeaSoar CTD data sets (Figures 5 and 7) . The slope of the density surfaces across the front also changed with time (Snaith et al., 1997) , and position along the front (Figure 8) indicating the existence of cross front and vertical circulation (Pollard and Regier, 1992) . Along leg e, the front moved south and steepened between FSS1 and FSS2.
The front then moved back northwards so that during FSS3 the front was less steep and further north than observed in FSS1. Further down stream, along leg j, the front moved north and became less steep between FSS1 and FSS2. The front then moved back southwards and steepened between FSS2 and FSS3; ending up in virtually the same position as it had been observed in FSS1. These observations are consistent with baroclinic instability and the propagation of wavelike meanders along the front (Hoskins and Bretherton, 1972; Munk et al., 2000) . Killworth et al. (1984) , considered a two layer model of a front similar to that found in our observations. Their model was set in a semi-infinite domain with an upper layer that vanished at some average position in the y axis direction forming a surface front (Figure 9 ). This configuration was shown to be unstable to small perturbations whatever the potential vorticity distribution. A detailed analysis of the model was presented both in the original paper and by Allen et al. (1994) , therefore we chose not to repeat this discussion here. Following Killworth et al. (1984) , the wavelength of the fastest growing mode of instability is given as
with a phase speed of
where the Rossby radius is given by Perhaps more significantly, Killworth et al. (1984) derived an equation for the growth of the zonally averaged total perturbation energy. This separated the relative importance of horizontal and vertical shear processes in the growth of instability. Allen et al. (1994) simplified their ratio of barotropic to baroclinic contribution as
where is the width of the front and geostrophic balance is assumed. (Allen et al., 1997c) . A streamfunction fitted to the VM-ADCP velocities at 198 m, following Allen (1995) and Pollard and Regier (1992) , produces a dynamic height anomaly field an order of magnitude lower than that at the surface.
In the following analyses of the SeaSoar hydrographic data we have used the VM-ADCP data to provide a reference dynamic height anomaly field at 198 m depth.
However, as suggested above, this does not give results that are significantly different from those obtained by assuming a level of no motion at 198 m (not shown). For this data set we have chosen not to employ the method of Rudnick (1996) or Naveira Garabato et al. (2000), where VM-ADCP data at all depth levels are used in the form of streamfunctions, and our justification is as follows. We have discussed that above 150 m our data indicate the existence of a large horizontal ageostrophic flow coherent with the scale of the front, perhaps 15-25 cms -1 in magnitude (Figure 11 ). Indeed Viudez et al. (2000) and Gomis et al. (2001) suggest that much of this ageostrophic flow may be horizontally non-divergent and not balanced by the vertical circulation that we are trying to diagnose. The diagnosis of mesoscale vertical motion using the omega equation, either under QG balance as we will present in section 4 or semigeostrophic balance as introduced by Hoskins (1975) , requires the geostrophic velocity field to be well known and not significantly contaminated by ageostrophic flow whether or not the latter is in balance with the vertical circulation.
Processed SeaSoar and VM-ADCP data were mapped to a regular grid using a computationally inexpensive anisotropic Gaussian filter as described in Allen et al. (1995) and (2000). At each depth level, the filtered values Φ k at the grid coordinates were given by
where φ i are the n observations at each depth level, Geostrophic relative vorticity,
was calculated from the geostrophic velocities,
where ′ p is the dynamic height, from the SeaSoar CTD data, referenced to a streamfunction fitted to the VM-ADCP velocities at 198 m (discussed above). In Figure 12 maps of geostrophic relative vorticity at a depth of 53 m are plotted for FSS1-3. These maps suggest that the regions of high cyclonic vorticity propagate along the front. The direction of subduction of MSW discussed in section 2 and the frontal model of Killworth et al. (1984) , discussed at the beginning of this section, suggest that we can assume the direction of propagation of these vorticity anomalies is the same as that of the mean flow. Therefore, by inspection of Figure 12 , we estimate that the wavelength and phase speed of these features are ~ 90 km and order 10 cms -1 respectively.
Satellite images (Figure 13) indicate mesoscale instability at a wavelength of 40-50 km and a phase speed of order 20 cms -1 . A detailed sea surface temperature survey, carried out by the UK Meteorological Office Research Flight on the 14th December 14) (Allen et al., 1997a) , also supports a characteristic instability wavelength considerably less than that reported above for the in-situ FSS observations, in this case perhaps 50-60 km. The apparent inconsistency here between in-situ and remote observations is in fact easily explained by considering the synopticity of the FSS in relation to the evolution of instability at the Almeria-Oran Front.
In a box style survey pattern of equally spaced parallel legs like those discussed by Allen et al. 2000 , then there is an effective velocity of the research vessel along the front, v , given by,
where is the speed of the ship, v s T l is the length of each cross front leg of the ship's track and S is the track leg separation. For FSS1-3, T l is not a constant and therefore we have to define a mean velocity along the front for the research vessel,
where the over-bar denotes a mean value over the duration of each survey. Taking (~ 9 knots), v s = 4.5 ms −1 S = 12 km and T l ≈ 90 km then v f ≈ 0.5 ms −1 . We can now define a non-dimensional synopticity parameter for our surveys,
where we recall that c r is the real component of the characteristic phase speed for the instability. Following the Doppler shift like analogy of Allen et al. (2000) , then the apparent wavelength, λ a , from the in-situ FSS1-3 may be corrected by
And therefore the in-situ and remote observations are quite consistent.
These results highlight the difficulty of obtaining synoptic observations of mesoscale features. Furthermore, we have only considered the real component of the phase speed of instability. The instabilities may have a finite growth rate that we are unable to determine from these observations. However, Figure 8 indicates that the extent of horizontal movement of the front is similar everywhere along the front. Indeed we know that the growth of instabilities may be limited by larger scale deformation fields (Spall, 1997) ; in this case perhaps the confluence of Atlantic and Mediterranean surface waters at the northern end of the front.
4) Vertical velocities
Assuming tidal velocities and inertial motions are small, then for any suitable depth level we can consider a Rossby number, ε , defined as
where ζ g is given in (7) and ζ takes a similar form replacing the geostrophic velocities with those measured by the VM-ADCP. Perceiving that ε is too noisy to map directly, in Figure 12 we present maps of ζ for FSS1-3 at a depth of 54 m.
Comparing with those of ζ g also in Figure 12 and discussed earlier, we estimate that ε ≤ 0.3 provides a sensible bound for the Rossby number of the flow. It is therefore reasonable to suggest that quasi-geostrophic (QG) balance is sufficient to quantitatively examine the ageostrophic flow at least to leading order.
Following previous observational studies (Leach 1987 , Tintoré et al. 1991 , Pollard and Regier 1992 , Fiekas et al. 1994 , Viúdez et al. 1996a , Allen and Smeed 1996 , Rudnick 1996 and Shearman et al. 1999 ) and modelling studies (Strass 1994 , Pinot et al. 1996 we have used the QG form of the omega equation (Hoskins et al., 1978) to diagnose the vertical velocity field for each FSS. On an β -plane, and for timescales at which the effects of diffusion can be considered negligible, this equation can be written as (14) may be solved for a given geostrophic velocity field provided the variability in all three dimensions is properly resolved by the spacing of the observations. w After breaking (14) down into a set of simultaneous finite difference equations, solutions for w were obtained using a NAG library routine based around Stone's Strongly Implicit Procedure. We sought solutions for the boundary condition w everywhere around our observational domain. Allen and Smeed (1996) suggested that solutions for w showed little sensitivity to lateral boundary conditions. However, more recent studies (Gomis et al., 2001 ) have shown that there may be much greater sensitivity to lateral boundaries in strongly advective regions. Therefore, we have chosen to ignore values of w where solutions to (14) for lateral boundary conditions = 0 ∂w ∂n = 0 ,where n is a unit vector perpendicular to the boundary, vary from w by more than 30% of RMS w for any particular depth level. This is approximately equivalent to a 10% tolerance on the peak values of w . Allen and Smeed (1996) discussed how solutions to (14) (11) and (12) 2 .
(15) Allen et al. (2000) showed that to first order in a quasi-synoptic survey, the apparent magnitude of w , w a , varied as the inverse of the apparent wavelength; i.e.
Thus both our diagnoses and our direct observations are consistent with mesoscale vertical motion of around 20-25 mday -1 . Vertical velocities of this magnitude are also consistent with primitive equation modelling studies of upwelling and downwelling associated with baroclinic instability (Samelson, 1993; Pinot et al., 1996 and .
Although our surveys FSS1-3 provide quasi-synoptic snapshots of the propagation of mesoscale instabilities along the Almeria-Oran front. They are asynoptic with respect to the advective flow along the front, v f < U (Figures 7 and 11) . Therefore we cannot directly derive the vertical transports associated with the diagnosed vertical velocities by correlating the w fields with temperature or any other observed water parameter. However, as a scale analysis, if we take a scale for w of 20 mday .15 × 10 3 Wm −2 . In Figure 16 , we present contoured temperature and salinity sections for leg h of FSS3 which clearly shows the subducted warm MSW temperature anomalies in the thermocline between the MAW and TML/LIW. Josey et al. (1998 Josey et al. ( , 1999 indicate that in winter, the surface waters of the W.
Mediterranean loose heat to the atmosphere at a rate of ~1.0 × 10 2 Wm −2 . Of course this climatology represents a basin scale average, but our scaling arguments suggest that upper ocean mesoscale vertical motion, associated with unstable fronts and eddies may provide a local mechanism for significant heat loss from the surface layers to the deep ocean. Baldacci et al (2001) Regarding the synopticity of our observations, we have addressed this through an error analysis based on information from concurrent airborne and satellite observations that give a more synoptic view of sea surface temperature. These observations indicate a real component of the phase speed of instabilities at around 20 cms -1 . Each leg of our fine scale surveys were repeated with a five day interval. And therefore for a wavelength of 50-100 km the repeat period of our surveys is a little outside the Nyquist limit for properly resolving the propagation of instabilities. Thus we cannot interpolate between surveys to obtain a more synoptic survey as described in Gomis et al. (2001) . We intend to use the method of Rixen et al. 2001 to relocate our observations relative to some derived mean flow in a future analysis. However, this technique is novel and complex, it is properly the subject of a future manuscript and beyond the scope of the work presented here.
Following a scaling argument we have estimated the heat transport associated with the mesoscale subduction. Traditionally, baroclinic instability is responsible for upwelling warm, light water and subducting cold, dense water as available potential energy is converted to kinetic energy and released across the front. During the winter months the surface waters of the western W. Mediterranean are made up of MSW that has been heated and evaporated during the preceeding summer and MAW inflowing from the Strait of Gibraltar and passing around the gyre system of the Alboran Sea.
The MSW is denser and subducted by the baroclinic instability at the Almeria-Oran front, but it is also warmer; the high density arising from its high salinity. Therefore these instabilities may result in a net heat loss from the surface layers to the deep ocean. Further more this heat loss could locally exceed that lost to the atmosphere during the winter.
Taupier-Letage, I. and C. Millot, 1988 The frontal model configuration used by Killworth et al. (1984) . 
